Aims/hypothesis Patients with type 1 diabetes mellitus are more susceptible than healthy individuals to exercise-induced oxidative stress and vascular endothelial dysfunction, which has important implications for the progression of disease. Thus, in the present study, we designed a randomised doubleblind, placebo-controlled trial to test the original hypothesis that oral prophylaxis with vitamin C attenuates rest and exercise-induced free radical-mediated lipid peroxidation in type 1 diabetes mellitus. Methods All data were collected from hospitalised diabetic patients. The electron paramagnetic resonance spectroscopic detection of spin-trapped α-phenyl-tert-butylnitrone (PBN) adducts was combined with the use of supporting markers of lipid peroxidation and non-enzymatic antioxidants to assess exercise-induced oxidative stress in male patients with type 1 diabetes (HbA 1c 7.9±1%, n=12) and healthy controls (HbA 1c 4.6±0.5%, n=14). Following participant randomisation using numbers in a sealed envelope, venous blood samples were obtained at rest, after a maximal exercise challenge and before and 2 h after oral ingestion of 1 g ascorbate or placebo. Participants and lead investigators were blinded to the administration of either placebo or ascorbate treatments. Primary outcome was the difference in changes in free radicals following ascorbate ingestion. Results Six diabetic patients and seven healthy control participants were randomised to each of the placebo and ascorbate groups. Diabetic patients (n=12) exhibited an elevated concentration of PBN adducts (p<0.05 vs healthy, n=14), which were confirmed as secondary, lipid-derived oxygen-centred alkoxyl (RO·) radicals (a nitrogen =1.37 mT and aβ hydrogen =0.18 mT). Lipid hydroperoxides were also selectively elevated and associated with a depression of retinol and lycopene (p<0.05 vs healthy). Vitamin C supplementation increased plasma vitamin C concentration to a similar degree in both groups (p<0.05 vs presupplementation) and attenuated the exercise-induced oxidative stress response (p<0.05 vs healthy).
Introduction
Diabetes mellitus is a chronic disease characterised by the relative or absolute deficiency of insulin and hyperglycaemia. Reports suggest that patients with diabetes mellitus are susceptible to increased levels of oxidative stress [1, 2] , although it is not known whether the increase in reactive oxygen species (ROS) is a causative factor or merely an epiphenomenon. Poor intravascular substrate control is largely regarded as a factor contributing to the increase in superoxide anions (O 2 · − ) that has previously been observed in diabetic serum [3] . Other potential mechanisms relating to enhanced oxidative stress in diabetes include a compromised antioxidant defence system, glucose autoxidation, the formation of advanced glycated end-products and a change in the glutathione redox status [4] . Strenuous exercise has also been shown to be an independent cause of oxidative stress and indeed increased resting and exercise-induced oxidative stress was recently confirmed in male type 1 diabetic patients by our group, when electron paramagnetic resonance (EPR) spectroscopy was combined with an ex vivo spin-trapping technique using α-phenyl-tert-butylnitrone (PBN). Compared with healthy controls, patients with type 1 diabetes presented with an increase in the serum concentration of PBN adducts both at rest and following exhaustive exercise [1] . These data were complemented by a selective increase in supporting biomarkers of lipid peroxidation and functional decreases in non-enzymatic antioxidants.
Although a negative role of free radicals in many disease states is supported by much evidence, there have been promising suggestions for therapeutic antioxidant approaches [5] . While cells within the body are endowed with a rich enzymatic antioxidant defence system (i.e. superoxide dismutase and H 2 O 2 -removing enzymes), this system is believed to be inadequate to prevent oxidative damage; thus, exogenous antioxidants may be important in maintaining health [6] .
Ascorbic acid is an essential antioxidant in humans, and in subclinical ascorbic acid deficiency oxidative stress is evident in nearly all tissues despite sufficient concentrations of other antioxidants, including α-tocopherol, glutathione, catalase and superoxide dismutase [7] . It is highly versatile, capable of reacting with many aqueous ROS, and forms the first line of antioxidant defence in human plasma exposed to a variety of oxidant insults [8] . However, the benefits of ascorbic acid prophylaxis remain equivocal, with human studies demonstrating an improvement [9] , no change [10] , or an increase in ROS and subsequent deterioration in vascular function [11, 12] . Concerns have been raised about the administration of ascorbic acid in the presence of redoxactive transition metal ions, since ascorbate can reduce transition metal ions and catalyse the Fenton-driven generation of hydroxyl and alkoxyl radicals in vitro [13] . Although the thermodynamics of this reaction in vivo remain controversial [14] , an acute bout of physical exercise has been shown to liberate extracellular 'catalytic' iron [15] that, in the presence of supplementary ascorbic acid, may potentially compound the generation of ROS [16] .
To the best of our knowledge, no study to date has examined the metabolic implications of ascorbic acid supplementation for exercise-induced oxidative stress in the setting of type 1 diabetes. Consistent with the human literature [1] , we hypothesised that, compared with healthy controls, (a) in type 1 diabetic patients exercise would compound basal oxidative stress, and (b) ascorbic acid would provide effective prophylaxis. We used a randomised, double-blind, placebo-controlled experimental design incorporating an EPR spin-trapping technique combined with a comprehensive assessment of lipid peroxidation and non-enzymatic antioxidants to test these hypotheses.
Methods

Participant characteristics and ethical approval
Twelve male type 1 diabetic patients and 14 apparently healthy male volunteers were recruited for the present study (see Table 1 for participant characteristics). Diabetic volunteers were recruited from the adult diabetic clinic at the University Hospital of Wales using the following inclusion criteria: (1) male, aged 18-30 years; (2) HbA 1c between 7% and 10%; (3) negative for microalbuminuria; and (4) no underlying vascular complications. Non-diabetic control participants were recruited from the student population of the University of Glamorgan using the following inclusion criteria: (1) matched for age; (2) no metabolic or circulatory medical condition; and (3) no family history of diabetes, confirmed by interview and medical history questionnaire. All participants were non-smokers and abstained from dietary antioxidant supplementation. The Bro Taf Research Ethics Committee granted ethical approval and written informed consent was obtained from each volunteer prior to participation. All procedures were conducted in accordance with the Declaration of Helsinki.
Experimental design
The present study constituted a balanced, randomised, double-blind, placebo-controlled trial.
Procedure
On arrival of participants at the laboratory, their body mass and stature were measured according to standard methods. Each participant was subsequently required to ingest ascorbic acid or a placebo (see below for information) prior to cycling to volitional exhaustion on a friction-braked cycle ergometer (Monark 824ε; Monark, Stockholm, Sweden). The test was designed to be progressive and incremental in order to elicit peak maximal oxygen uptake ( : V O 2peak ). A cadence of 60 rpm was maintained while workload was increased by 0.5 kg every 3 min until volitional fatigue. Oxygen uptake ( : V O 2 ) was monitored during exercise using an on-line automated gas analysis system (CPX/D; Medgraphics, Manchester, UK). Heart rate was recorded using a short angle telemetry system (Polar S610 Sport tester; Polar Electro, Kempele, Finland). Participants were instructed to refrain from exercise and alcohol for 24 h before the test and to maintain their usual dietary pattern. Dietary composition and energy intake in the 72 h before the exercise test was recorded by means of a dietary record and assessed using a commercially available nutritional assessment package (Nutri-check, Health Options, Cirencester, UK). To ensure standardisation of dietary records, a registered nutritionist advised on how to fill out the diet records. Diabetic participants were instructed to refrain from their morning insulin dose. All exercise tests were performed between 09:00 and 10:00 hours on the ward of the diabetic unit with a physician present.
Supplementation
Twelve diabetic patients and 14 healthy control participants received an acute oral bolus dose of either 1 g (2×500 mg) of ascorbic acid (batch SCP g1514; Nova Laboratories, Wigston, UK) or placebo (batch SCP g1515; Nova Laboratories), 2 h prior to the exercise challenge in a balanced fashion. The period of 2 h was chosen specifically to allow the venous concentration of ascorbate to rise from baseline to >100 μmol/l to near cell saturation, based on previous work by Ashton et al. [9] . The participants were given a small volume of water in order to ensure complete ingestion. All participants consumed the two tablets, which were administered under supervision.
Haematology
Sampling Venous blood was collected following a 12 h overnight fast from an antecubital forearm vein following 20 min supine rest and immediately after exercise using the Vacutainer method (Becton-Dickinson, Oxford, UK). Blood samples for lipid soluble antioxidants, ascorbic acid and HbA 1c were collected in anaerobic glass vacutainers containing EDTA and immediately placed on ice, while samples for EPR and lipid hydroperoxide (LOOH) determinations were collected in serum separation glass Vacutainer tubes and allowed to clot for 10 min in the dark. Blood for glucose determination was collected in sodium fluoride EDTA tubes. After centrifugation at 3,000 rpm at 4°C for 10 min, the serum/plasma samples were stored at −80°C. Blood samples for EPR, glucose and HbA 1c determination were assayed on the same experimental day; the remaining samples were assayed within 6 weeks of collection. All samples from the same participant were analysed within the same batch.
Analyses
Lipid peroxidation Susceptibility to exercise-induced lipid peroxidation was measured using the ferrous iron/xylenol orange assay [17] . This method quantifies the susceptibility to iron-induced LOOH formation in blood. Intra-and interassay CVs at 0.57 μmol/l were 4.6% and 6% respectively.
Lipid soluble and aqueous antioxidants Endogenous lipidsoluble antioxidant activities, including plasma α-tocopherol, retinol, lycopene and α-and β-carotene, were estimated using the simultaneous HPLC assay of Thurnham et al. [18] and Catignani and Bieri [19] . Intra-and inter-assay CVs were both <5%. The fluorometric assay of Vuilleumier and Keck [20] was used to determine plasma ascorbic acid concentration.
The inter-assay CV at a concentration of 51.11 μmol/l was 0.72%.
Blood glucose and HbA 1c Blood glucose was measured by dry chemistry slide technology on an Vitros 950 analyser (Ortho Clinical Diagnostics, Raritan, NJ, USA). The intraassay CV at a glucose concentration of 6.1 mmol/l was 2.0% and that at 14.7 mmol/l was 1.12%. The HPLC method of Philcox et al. [21] was used to determine HbA 1c percentage.
PBN adduct extraction and EPR analysis EPR spectroscopy in conjunction with ex vivo spin trapping using PBN was used to investigate the formation of free radical species, and the method used was identical to that of Davison et al. [1] . Nuclear hyperfine coupling constants (HCCs) were confirmed following computer simulation using SimEPR32 software [22] . The relative concentrations of PBN adducts (expressed in arbitrary units), as opposed to absolute concentrations according to a calibration curve, were determined by measuring the mean signal intensity of each spectral peak-to-trough line height. The intra-assay CV at 1,795 arbitrary units was 5.2% [2] .
Packed cell volume and haemoglobin Resting and postexercise packed cell volumes and Hb concentrations were measured in whole blood to correct for acute-exercise induced plasma volume shifts using the equations of Dill and Costill [23] . Packed cell volume (%) was measured using the microcapillary reader technique, and corrected by 1.5% for plasma trapped within erythrocytes [24] . Haemoglobin (g/dl) was measured using a β-haemoglobin photometer (Hemocue, Angelholm, Sweden).
Statistical analysis
Statistical analysis was performed using the SPSS statistics package (version 11.0; SPSS, Woking, UK). A prospective calculation of power was performed using the equations of Altman [25] , while retrospective power was determined using SPSS. Data were analysed using parametric statistics following mathematical confirmation of a normal distribution using repeated Shapiro-Wilk W tests. Baseline data were compared using a two-way ANOVA. Exerciseinduced changes in selected dependent variables were analysed using a three-way repeated measures ANOVA that incorporated one within-participant factor (state, rest vs exercise) and two between-participant factors (group, diabetic vs healthy; treatment, ascorbic acid vs placebo). When a significant interaction effect was detected, within-participant factors were analysed using Bonferroni-corrected paired samples t tests. Between-participant differences were analysed using a one-way ANOVA with the a posteriori Tukey honestly significant difference test. Relationships between selected dependent variables were examined using the Pearson product moment correlation. The alpha level was established at p<0.05 and all values are reported as mean±SD.
Results
Energy intake and composition
There were no significant differences in energy intake and micronutrient composition between groups (Table 2) , and all values were within the recommended UK daily range [26] .
Exercise performance Healthy participants achieved a higher maximal oxygen consumption and power output relative to the diabetic group, due to a selective difference in both diabetic treatment groups (p<0.05 vs healthy group; Table 3 ). Ascorbic acid supplementation did not influence any cardiopulmonary variable.
Free radical-mediated oxidative stress
The HCCs for all PBN adducts were (nitrogen) a N = 1.37 mT and (hydrogen) aβ H =0.18 mT, as confirmed by computer simulation (Fig. 1) , and are consistent with the trapping of a secondary oxygen-centred lipid-derived alkoxyl free radical species. Free radical and LOOH concentrations were greater in the diabetic than in the healthy group (diabetic vs healthy, p<0.05) ( Table 4 shows the effect of ascorbic acid supplementation on rest and exercise free radical concentration for the diabetic and healthy groups. Free radical concentration was lower following vitamin C supplementation, with no change as a result of physical exercise, i.e. vitamin C supplementation decreased resting oxidative stress (main effect for state: pooled data, pre-supplementation vs post- Table 4 ). There was an interaction effect for state×treatment (p<0.05) and state×group (p<0.05), although no post hoc differences were detected for the latter interaction. No three-way interaction effect was observed (state×group×treatment, p>0.05; retrospective power calculation, 0.495).
Antioxidants
The main finding (Table 4 ) was a comparatively greater venous concentration of ascorbic acid in the ascorbic acid group (pooled diabetic and healthy values, p<0.05 vs placebo), due to a selective increase in concentration following ascorbic acid supplementation (pre-supplementation vs post-supplementation [rest] p<0.05). α-Tocopherol was lower in the healthy group than in the diabetic group (pooled ascorbic acid and placebo, p<0.05 vs diabetic). In contrast, plasma lycopene and retinol were comparatively (Table 4) .
Experimental inter-assay correlations
Correlations are expressed as Δ=pre-exercise-post-exercise. There were positive correlations between ΔPBN adduct and ΔLOOH in the diabetic placebo group (r=0.99, p<0.05) and in the healthy placebo group (r=0.93, p<0.05).
Discussion
Work from our laboratory has previously shown that patients with type 1 diabetes are susceptible to increased blood levels of free radicals as documented by EPR spectroscopy, the most direct method of measuring free radical species [27] . The present study has consistently confirmed this observation and in addition demonstrates that ascorbate prophylaxis attenuates exercise-induced oxidative stress. However, contrary to our original hypothesis, we did not observe a more marked antioxidant effect in the diabetic patients. 18 mT) identical to those of human blood in the present study, which supports our observation that the free radical species detected were lipid in origin [30] . In addition to a greater concentration of free radical species, the diabetic group had a greater concentration of circulating LOOH. This, in combination with the positive association between Δ PBN-adduct and Δ LOOH, strongly suggests that the free radicals detected in the present investigation were lipid-derived. This is in agreement with the work of Ashton et al. [31] , who also observed a positive correlation between LOOH and PBN adduct concentration at rest (r=0.80, p<0.05) and immediately following exercise using an exercise paradigm identical to that employed in the present study (r=0.71, p<0.05). We suggest that the metal-catalysed reductive decomposition of LOOH may be the precursor of the compound formation of EPR-detectable spin-trapped lipidderived alkoxyl radicals (LOOH±Fe 2+ =RO·). Though clearly downstream of the primary locus of generation, these lipid species are thermodynamically capable of initiating and propagating further oxidative damage to important biomolecules [32] .
Since lipid radicals are known to originate from phospholipid membranes [33] , it is postulated that the diabetic group experienced greater primary free radical attack to erythrocyte membranes or circulating lipids, yielding a greater concentration of free radical intermediates [34] , which were then detected by EPR spectroscopy. Based upon evidence provided by Gillery et al. [35] , it is possible that the main initiating oxidising agent is O 2 · − formed as a result of glucose modification. Hunt et al. [36] observed an increase in hydroxyl radicals when hydroxylate benzoic acid was incubated with hyperglycaemic levels of glucose in vitro. In providing support for possible increased rates of glucose autoxidation and the subsequent generation of free radicals, the diabetic group in this study showed higher blood glucose levels, thus providing more substrate for autoxidation purposes. In addition, it has been suggested that poor metabolic control may influence the generation of O 2 · − radicals in diabetic serum [3] . This is partially supported our data demonstrating a higher HbA 1c level in the diabetic group. Ascorbate supplementation Ascorbic acid supplementation lowered the concentrations of both free radicals and LOOH, suggesting that this antioxidant is effective in attenuating lipid peroxidation. There was, however, a mild attenuation of free radical species and LOOH following ingestion of 1 g of ascorbic acid, demonstrating that ascorbic acid does not completely abolish PBN adduct production. These findings are in general agreement with the work of Ashton et al. [9] showing a decrease in EPR signal amplitude after supplementation with 1 g ascorbic acid in ten healthy male volunteers. We have previously observed an attenuation of EPR signals following the addition of ascorbic acid to the in vitro oxidation of α-linolenic acid, postulating that ascorbic acid has the ability to scavenge free radicals generated from a lipid environment [30] . Furthermore, an important control experiment showed that addition of ascorbate to a sample following adduct extraction did not alter EPR signal amplitude, indicating that ascorbate did not simply destroy the trap-radical adduct by reducing the nitroxide to an EPRsilent hydroxylamine. Thus, we are confident that the near ablation of the PBN adduct signal observed following ascorbate prophylaxis can indeed be attributed to its authentic ability to scavenge peroxyl radicals and terminate lipid peroxidation by inhibiting the formation of the alkoxyl radical. We have also shown that not only does ascorbate supplementation decrease PBN adduct concentration, but that it also decreases lipid peroxidation as measured by LOOH [9] , providing further support to the concept that ascorbate is acting as a scavenging agent and arresting lipid peroxidation.
Plasma ascorbic acid concentration rose by 61.5% following ascorbic acid ingestion, agreeing with the work of Thompson et al. [37] . However, what is unknown from the present research is the specific site of free radical scavenging. It is plausible, since plasma is saturated at doses of 1,000 mg, that the ascorbic acid scavenged bloodborne free radicals, thus inhibiting the propagation of lipid peroxidation [38] . In support of this idea, Frei et al. [39] have shown that ascorbic acid protects plasma lipids against peroxidative damage induced by aqueous lipid-derived peroxyl radicals and that ascorbic acid is the only plasma antioxidant capable of doing so. Furthermore, Frei et al. [40] suggest that LOOH may be effectively decreased in the plasma by ascorbic acid treatment. Indeed, the decreased LOOH in the ascorbic acid-supplemented group in the present study would provide support for this claim. It is also feasible that ascorbic acid acted intracellularly as well as in the blood, since cells are saturated at doses of 200 mg [41] . It has been suggested that ascorbic acid is most effective at the aqueous-lipid interface of the cell membrane, scavenging intracellular aqueous radicals [31] .
Another potential mechanism of action of ascorbic acid, may involve the regeneration of α-tocopherol [42] . As ascorbic acid donates an electron to regenerate the α-tocopherol radical back to α-tocopherol, ascorbyl radical intermediates may be formed. Because of the location of the unpaired electron on the ascorbyl radical, this radical is relatively unreactive; however, it may interact with other free radical species to either prevent or terminate the process of lipid peroxidation [43] . Evidence suggests that ascorbic acid supplementation can protect against lipid peroxidation in atherogenic lipoproteins in human plasma [44] , and Retsky et al. [45] have shown that dehydroascorbic acid, the oxidation product of ascorbic acid, can prevent the initiation of lipid peroxidation in LDL-cholesterol. The decreases in both aqueous-phase lipid-derived radicals and LOOH demonstrate the effectiveness of ascorbic acid in the present study.
The preferential oxidation of ascorbic acid rather than α-tocopherol in terminating the process of lipid peroxidation may be due to the sluggish rate constant reaction of α-tocopherol with the lipid (L·) radical. Davies and Timmins [46] showed rate constant reactions of <10 5 dm 3 mol −1 s −1 and 1.3× 10 7 dm 3 mol −1 s −1 for the interactions of α-tocopherol and ascorbic acid respectively with the L· radical. In addition, Niki et al. [47] suggested that α-tocopherol cannot stabilise the alkoxyl radical before attacking polyunsaturated fatty acids, as the reaction rate constant for this interaction is relatively slow.
Antioxidants
Consistent with previous work from our laboratory, the plasma α-tocopherol concentration was found to be higher in diabetic patients than in healthy controls [1] , and this may have been due to greater sympathetic activation of lipolysis. However, there was no difference in energy intake between groups and unfortunately fatty acids were not measured; therefore, such an explanation remains speculative. Another possible reason why the diabetic group was more prone to oxidative stress may be, in part, the decreased circulating concentrations of retinol and lycopene. Crohn's disease patients, in addition to diabetes, show a lower systemic concentration of lycopene in the presence of increased lipid peroxidation [48] . What cannot be determined from the present research, however, is the possibility that both retinol and lycopene may have been consumed as a result of the increased free radical concentration in the diabetic group.
Conclusion
This study has confirmed that, compared with healthy nondiabetic controls, patients with type 1 diabetes show greater oxidative stress. Our findings further suggest that the oral administration of 1 g ascorbic acid provides effective prophylaxis against vascular free radical generation in both the healthy and diseased state.
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